ABSTRACT. This study aimed to identify differentially expressed genes (DEGs) of unruptured intracranial aneurysms (IAs) and provide beneficial information for early diagnosis and treatment of IAs. The gene expression profile GSE26969 from the Gene Expression Omnibus database was downloaded, which included six human IA samples: three intracranial arterial aneurysm samples and three normal superficial temporal artery samples (control). Based on these data, we identified the DEGs between normal and disease samples with packages in the R language. The selected DEGs were further analyzed using bioinformatic methods. First, the STRING software was used to search co-expression relationships among DEGs, and the most important hub gene was found. We then used the plugins of the Cytoscape software, Mcode and Bingo, to conduct a module analysis. Next, pathways of the module genes were annotated using the FuncAssociate program. Compared with the control group, we obtained 169 DEGs in total, and by mining a module with the hub gene MYH11, we retrieved the ACTA2, MYH11, MYLK, and MYL9 genes, which were all in the module and were most significantly related to vascular smooth muscle contraction. We hypothesize that the 759 ©FUNPEC-RP www.funpecrp.com.br Genetics and Molecular Research 13 (1): 758-767 (2014) Screening key genes of unruptured intracranial aneurysms genes identified here can be beneficial for early diagnosis and treatment of IAs.
INTRODUCTION
Intracranial aneurysms (IAs) are caused by common vascular abnormalities of the brain. The formation of IAs is assumed to be due to diverse exo-and endogenous factors such as inflammatory mechanisms, hypertension, smoking, excessive alcohol intake, and genetic factors (Hellingman et al., 2007) . The intracranial vessels affected have a unique histological structure. They consist of a tunica intima with an endothelial layer and smooth muscle cells (SMCs), a tunica media with the internal elastic lamina and SMCs, and a tunica adventitia with loose connective tissue. Additionally, IAs usually develop branching points within the circle of Willis. The continuity of the tunica media shows gaps at these branching points, which are thought to be a predisposing location for the development of aneurysmal pouches (Chalouhi et al., 2012) .
Although technical advances have resulted in dramatic progress in the treatment of IAs in recent years, the precise molecular mechanism by which IAs develop and rupture remains unknown. Three mitogen-activated protein kinases, c-Jun N-terminal kinase (JNK), p38, and extracellular signal-regulated kinase, are known to be involved in the IA wall (Szklarczyk et al., 2011) . Furthermore, phosphorylation of p54 JNK is associated with IA size, phospho-p38 levels are associated with IA size and rupture, and phospho-Bad levels differ between ruptured and unruptured IAs (Laaksamo et al., 2008) . Moreover, phospho-mTOR is down-regulated in ruptured IAs (Laaksamo et al., 2012) .
There are approximately 20,000 aneurysm ruptures per year, and a prevalence of 3.2% in the general population of the United States (Juvela, 2011) . Approximately 8% of these patients die before reaching the hospital, and half die within the first 30 days after rupture. Despite recent diagnostic and therapeutic advances, an episode of subarachnoid hemorrhage resulting from the rupture of IAs remains lethal in up to 65% of cases (Wiebers et al., 2003) , and results in significant disabilities in 50% of those who survive (Nieuwkamp et al., 2009) . The life threatening and debilitating sequence of IAs may be prevented if the aneurysm can be occluded before rupture.
Several high-throughput screening approaches for understanding the genetics of unruptured intracranial aneurysms (UIAs) have been conducted in recent years (Li et al., 2009 ). However, high-throughput screening studies that focus on functional identification of differential gene expression are rare. In this study, we performed a genomic microarray analysis based on UIA expression data, mined a module containing the hub gene MYH11, and identified the ACTA2, MYLK, and MYL9 genes in this module, which were all significantly related to vascular smooth muscle contraction.
MATERIAL AND METHODS

Affymetrix microarray data
The gene chip GSE26969 was downloaded from the gene expression database Gene Expression Omnibus (GEO) (Li et al., 2009) , which contained data from six intracranial arterial tissue samples formed by three normal samples and three UIAs [GPL570 (HG-U133_ Plus_2) platform with Affymetrix HU133 Plus 2.0 microarrays]. Annotation information of the chip probe was performed using Affymetrix, which contained the complete Affymetrix ATH1 (25K) chip probe. The complete original file and platform probe annotation information file were downloaded.
Data pre-processing and differential gene expression analysis
We first transferred the downloaded raw data to a recognizable expression profiling format, and then filled in and standardized the missing data (Troyanskaya et al., 2001; Fujita et al., 2006) . Both treated and untreated samples were analyzed for differential gene expression using the Limma package in R language. Differentially expressed genes (DEGs) were selected based on P < 0.01 and | logFC | > 1 thresholds (Smyth, 2005) .
Constructing the protein-protein interaction (PPI) network
PPIs have been recognized as the main actors of cellular processes, and therefore great efforts have been made toward understanding their biological functions. Here, we used the online database resource Search Tool for the Retrieval of Interacting Genes (STRING; Szklarczyk et al., 2011) to predict interactions between DEGs based on characteristics of the input sequence, structure, and other information. The PPI network was built based on the scores calculated by the database of known functions.
Hub protein screening
Several studies have shown that the majority of biological networks obey scale-free network attributes (Jeong et al., 2000) . This means that a small number of nodes in the network have a large number of connections while most nodes have only a few connections, and these few nodes represent the critical node of the network, or the hub (Yu et al., 2004) . In this study, we analyzed the statistics and distribution of the hub based on the PPI network node. Using the scalefree nature of interactions in the protein network, we identified the center of the protein network.
PPI network functional modules
Proteins in PPI networks and in the same module usually have the same biological processes and function by co-expression. In this study, after obtaining network visualized by Cytoscape (Duncan et al., 2010) , we used the plugins Mcode (Goldberg et al., 2007) (module parameters: degree cutoff ≥ 2, K-core ≥ 2) and Bingo (Bernstein et al., 2012) to partition off and annotate functions of the whole network based on the hypergeometric distribution (adjusted P < 0.01).
Genes involved in the annotation pathway
Genetic data of each group was included in the construction of the regulatory network using the FuncAssociate software (Berriz et al., 2009 ). Annotation of DEGs in the pathway involved in the module was accomplished by enrichment analysis, with the selected threshold value of P < 0.05. FuncAssociate is a web-based tool that accepts a list of genes as input and returns the input list of over-or under-represented Gene Ontology (GO) attributes. Only statistically significant over-or under-represented genes will be reported after multiple hypothesis testing.
RESULTS
Screening for DEGs
Differences in normalized expression data were compared after data pre-processing (Figure 1 ; box plots of normalized expression levels). A total of 169 genes met the difference threshold (P < 0.01 and | logFC | > 1), which included 165 down-regulated and 4 upregulated genes. 
Constructing the PPI network
Using the STRING software to search for PPIs of DEGs, we obtained 158 paired (106) differences in the gene interaction network (Figure 2 ; PPI network based on DEGs).
Hub protein screening
We analyzed the network structure of the resulting network. Topology analysis of the network revealed that the PPI network had a scale-free property, which indicated that a small number of nodes in the network had a large number of connections and most nodes had only a few connections (Figure 3 ; degree of nodes). By using the power law, we obtained the formula: y = 61.309x ^ (-1.62) (Figure 3 ; degree of nodes). The number of nodes of the x-axis represents the degree of the node, i.e., the number of direct connections with the node, and the y-axis represents the number of nodes at each degree value. Statistical analysis of the node degree revealed that the highest node was the MYH11 gene (node 12), suggesting that this gene plays an important role in the network.
Co-expression interaction network of functional modules
In this study, we used the Mcode plugin of Cytoscape to cluster the network module, and the Bingo plugin to divide and annotate the whole network function module based on the hypergeometric distribution (adjusted P < 0.01). We obtained a module that contained the hub gene MYH11, and retrieved eight notable functions of this module (Figure 4 ; modules and module functions of genes enriched in the node). These functions are listed in Table 1 , which shows that the ACTA2, MYH11, MYLK, and MYL9 genes had close relationships with muscle contraction functions. The other significant functions also showed associations with the muscular system. These results indicate that the hub genes and their corresponding function modules mainly play important roles in the vascular muscular system. 
Genes involved in the pathway annotation
Inputting the genetic information of the modules into the FuncAssociate software to analyze the pathway based on the hypergeometric distribution (threshold of P < 0.05) revealed that the module genes were involved in the vascular smooth muscle contraction pathway ( Figure  5 ; vascular smooth muscle contraction pathway). The main function of vascular smooth muscle is to reduce the diameter by contraction in order to regulate blood flow and vascular pressure. Table 1 . Gene Ontology (GO) enrichment analysis of differentially co-expressed genes. 
DISCUSSION
Microscopic findings have revealed that factors such as the lack of an outer elastic lamina, disorganization of the extracellular matrix, atherosclerotic and inflammatory changes caused by complement activation, a decrease in reticular fibers, and continuous blood pressure all appear to play important roles in the development of IAs; however, the underlying biological mechanism remains poorly understood. In this study, we identified DEGs of UIA based on DNA microarray data, which provided valuable information for diagnosis and drug therapy interventions at the early stage of IA. By constructing the PPI network using STRING, we obtained the hub protein MYH11 and its co-expression genes, ACTA2, MYLK, and MYL9. All of these genes were found to contribute to vascular smooth muscle contraction.
The myosin heavy chain 11 (MYH11) gene encodes the smooth muscle myosin heavy chain beta, which is a major specific contractile protein produced in the structural maintenance of chromosomes. It is identified as one of the defective genes associated with thoracic aortic aneurysms and dissections (TAAD) and patent ductus arteriosus (PDA) (Zhu et al., 2006) . Several studies have also found the presence of the CBFB/MYH11 fusion gene in high frequency in association with acute myeloid leukemia (Rethmeier et al., 2006; Monma et al., 2007; Lazarczyk et al., 2009 ). Because MYH11 is likely to be specific to the phenotype of non-syndromic TAAD and PDA, it potentially results in a distinct aortic and occlusive vascular pathology, which is driven by insulin-like growth factor 1 and angiotensin II . The vascular SMC-specific isoform of a-actin (ACTA2) is a contractile protein that is the most abundant protein in vascular SMCs (Guo et al., 2008) . Heterozygous ACTA2 mutations cause familial TAAD, but only half of mutation carriers have aortic disease. Linkage analysis and association studies of individuals with ACTA2 mutations have also indicated that mutation carriers can have a diversity of vascular diseases, including premature onset of coronary artery disease, premature ischemic strokes (including Moyamoya disease), as well as TAAD (Guo et al., 2009 ). The myosin light chain kinase (MYLK) gene, which localizes with the marker D3S3552, is duplicated on human chromosome 3 (3q13→q21) (Giorgi et al., 2001) . MYLK has been shown to be a potential cause of inflammatory lung diseases such as asthma (Gao et al., 2007) . Furthermore, hyper-methylated FAM5C and MYLK genes can be used as potential biomarkers for the diagnosis of gastric cancer (Chen et al., 2012) , MYLK polymorphisms have been suggested to influence increases in blood eosinophil levels among asthmatic patients (Lee et al., 2009) , and MYLK is also a novel coronary artery disease susceptibility gene (Wang et al., 2007) . Myosin light chain 9 (MYL9; also known as MLC20, RLC-C, or Mylc2c) is one regulator of the myosin light chain polypeptide (Licht et al., 2010) . Previous studies have shown that MYL9 is critical in vascular function and remodeling processes with age (Shehadeh et al., 2011) , and MYL9 is a major platelet protein based on abundance (Marcus et al., 2000; O'Neill et al., 2002; McRedmond et al., 2004; Sun et al., 2007) . At the molecular level, post-translational modifications of MYL9 are predominantly triggered by the RhoA/Rho-associated kinase signaling pathway (Sanders et al., 1999; Ridley et al., 2003) . Expression of MYL9 is dependent on myocardin-related transcription factors and the serum response factor, and is necessary for cytoskeletal dynamics and experimental metastasis (Medjkane et al., 2009) . A recent study also reported that by governing Junb, MYL9 regulates fiber formation, cellular motility, and contractile capacity in mice (Licht et al., 2010) .
Although no studies have investigated the direct interaction between MYH11 and ACTA2, MYLK, MYL9, many have presented convincing evidence that these genes are as-sociated. The major function of vascular SMCs is contraction to regulate blood pressure and flow, and the SMC contractile force requires cyclic interactions between SMC alpha-actin (encoded by ACTA2) and the beta-myosin heavy chain (encoded by MYH11) (Guo et al., 2007) . Secondly, MYLK regulates SMC contraction and endothelial cell permeability through catalyzing the phosphorylation of the regulatory myosin light chain (Wang et al., 2007) , while MYH11 also plays a role in SMC contractility. Last but not least, MYL9 regulates the arterial contraction capacity (Licht et al., 2010) . Therefore, due to their roles in vessel contraction and regulation of blood pressure and flow, the expression of the hub protein MYH11 and its co-expression genes ACTA2, MYLK, and MYL9 identified in this study, along with their transcripts, may provide beneficial tools for the early diagnosis and treatment of IAs.
